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Abstract.  This work evaluates a simple method to measure ammonia concentration average for building 
emissions measurements, using a low-cost system (Portable Monitoring Unit, PMU). The method is 
compared to a more sophisticated (Mobile Air Emission Monitoring Unit, MAEMU) as a standard. The 
research was conducted in two similar broiler houses in western Kentucky, USA. Four PMU monitors were 
randomly assigned to three locations in each broiler house in which simultaneous MAEMU measurements 
were being conducted as part of a year-long ammonia emissions project. The PMUs were configured to 
record data every 30s. Samples were taken from within the house for six minutes, followed by a fourteen-
minute purge with outside air. Three different methods for computing 60-minute averages of ammonia 
concentration were evaluated based on the concentration readings taken from the PMU, considering that 
final concentration value and sampling intervals directly affect the computation of ammonia emission. The 
methods studied were denoted AVE2, AVE4 and MAX.  The AVE2 method used values from the last two 
minutes of the sampling period, excluding the last value, whereas the AVE4 method used values from the 
middle four minutes of the sampling period, and the MAX method used the maximum concentration value 
over the sampling period. The MAEMU system obtained more frequent and accurate concentration and ER 
measurements (six to thirty measurements per location per hour). The three methods showed values very 
close to the standard results, and the method AVE 4 seems to be the more similar with MAEMU. The 
average differences between PMU AVE4 method and MAEMU are -1.06 ppm and -0.052 g/hr for NH3 
concentration and emission rate, respectively, considering 20-minute averages. Results demonstrate the 
importance of careful selection of representative concentration readings when fans are operating, and the 
significant impact that different ventilation regimes can have on the accuracy. 
Keywords. Air quality, Ventilation rate, Gaseous emission. 
Introduction 
Gaseous emission from Concentrated Animal Feeding Operations (CAFOs) involves two factors: 
ventilation rate (VR) and concentration (C) of pollutants (Gates et al. 2002). VR is the amount of air emitted 
from the system to the atmosphere over a specified period of time. Pollutant concentration depends on the 
rate of pollutant production and VR. One challenge in measuring pollutant concentration in air samples is 
that accurate analytical instruments are expensive, and are complicated. These factors along with the fact 
that accurate gas measurement systems are not portable make ammonia measurement in broiler houses 
difficult (Gates, 2005).  
A recently completed study (Burns et al., 2007) acquired broiler house ammonia emissions, and afforded 
an opportunity to directly compare ammonia emission measurements between this system and an earlier 
lower-cost method (Xin et al., 2002; Gates et al., 2005) utilized in a recently completed project for both 
broiler housing (Wheeler et al., 2006; Topper et al., 2008) and layer housing (Liang et al., 2005).  In those 
studies, ER was estimated per each sampling period (three times per hour for Kentucky sites, and two times 
per hour for Pennsylvania sites) which required extensive manual manipulation of stored data records. For 
this study, it was proposed to simplify the calculation of ER from PMU measurements by using a mean VR 
for each hour multiplied by the mean concentration from the PMU.  
The objective of this analysis is to compare three methodologies used for calculating PMU NH3 
concentration and ER to that obtained from the MAEMU system. A comprehensive set of PMU readings are 
compared to MAEMU concentration and ventilation rate data from the same sampling periods. Each system 
has been, or is currently being used to measure broiler house emissions, and the MAEMU system is 
considered the standard for use in the EPA Air Consent Agreement. In this research, ventilation rate was 
obtained as part of the MAEMU measurement methodology and used in both sets of computations for 
ammonia ER. The ammonia ER calculated with the PMU was compared to the MAEMU as a standard. 
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Materials and Methods 
Measurement Systems. 
The PMU is a low-cost ($4,500) portable ammonia measurement unit, developed by University of 
Kentucky, Iowa State University, and The Pennsylvania State University (Xin et al 2002, Gates et al 2005). 
It is easy to install and is a potential alternative to monitor ammonia emission in animal housing. The PMU 
uses two electrochemical (EC) sensors (Draeger PAC III, Draeger Safety INC. Pittsburgh, PA) for NH3 
measurement. The MAEMU consists of a trailer containing equipment needed for monitoring a variety of 
emissions, including ammonia. The equipment used for ammonia measurement is an INNOVA Field Gas-
Monitor (model 1412). Its measurement principle is based on the photoacoustic infra-red detection method 
and it is a high cost instrument ($40,000-$50,000). Both measurement systems also require accurate 
knowledge of building VR simultaneous with the NH3 concentration of exhaust air. 
The PMU was configured to record data every 30s. Samples were taken from within the house for six 
minutes, followed by a fourteen-minute purge with outside air. The average for each 20 minutes was made 
using the values obtained from each 6-minute sampling interval. Three methodologies to calculate the 
average concentration of each 20 minutes were evaluated: 
• PMU MAX: the maximum concentration value of six minutes; 
• PMU AVE4: values from the middle four minutes; 
• PMU AVE2: values from the last two minutes, excluding the last value. 
These methods were developed for evaluation since it is likely that the Draeger sensor records an 
erroneous peak before the sensor stabilizes. The methodology named AVE4 was chosen because it is an 
average excluding those values that may have interference from the beginning and end of a sample cycle. 
The methodology named AVE2 was chosen because it utilizes the NH3 concentration values after the sensor 
stabilizes, and most of the time it doesn’t include the maximum sensor values, which occur in the initial and 
middle sampling minutes.  The MAX methodology seemed to work well in earlier research (Xin et al, 
2002).  
Experimental Design. 
The research was conducted in two similar commercial broiler houses, each with three sampling points 
(designated sidewall fan 1, SW1 in the brooding section; sidewall fan 3, SW3; and Tunnel, at the tunnel fan 
end; see Burns et al., 2007). A total of four PMUs were used. New electrochemical (EC) sensor heads were 
purchased at the start of the experiment, and each EC-sensor was calibrated just prior to each placement in a 
house using the same calibration gas (certified 2%, nominal 25 ppm) as used for the Innova, which was 
itself checked twice-weekly and re-calibrated whenever measured concentration differed more than 5% 
from the calibration gas. Sampling points for the two systems were within a meter of each other. 
A visitation schedule was developed by random assignment of the four PMUs to three locations within 
each house and to each of the two houses (Table 1). Site visits were made once or twice weekly, from 29 
June through 29 November, 2006. A PMU was typically placed in late morning and retrieved approximately 
48h later. Each EC-sensor was then checked for drift using the same calibration gas. In all cases the drift 
was less than 3 ppm, and the data were deemed acceptable. The experimental design ensured that each PMU 
was assigned to each of the six locations in two houses once, to minimize introduction of any bias from 
PMU unit by location, or PMU unit by house. After data quality checks, there were a total of 1,075 h (44.8 
days) of data collected on 14 separate visits for which all ventilation and concentration data were available. 
Table 1. Random assignment of the four PMUs to location for the study (year 2006). 
 House 1-5 House 3-3 
PMU No. SW1 SW3 Tunnel SW1 SW3 Tunnel 
1 1: 29 June 3: 7 July 7: 20 July 13: 3 Aug 11: 31 July 22: 24 Aug 
2 23: 29 Nov 2: 29 June 9: 31 July 16: 10 Aug 15: 7 Aug 4: 7 July 
3 5: 7 July 20: 2 Oct 8: 27 July 14: 7 Aug 17: 10 Aug 18: 13 Aug 
4 21: 2 Oct 24: 29 Nov 6: 19 July 10: 31 July 12: 3 Aug 19: 22 Aug 
 
The PMUs were configured to record data every 30s. Samples were taken from within the house for six 
minutes, followed by a fourteen minute purge with outside air. The concentration (AVE2, AVE4 and MAX) 
estimates were computed and assumed for the entire 20 minutes interval. The average of the two EC sensors 
was used for each computational method. The 20 minutes emission rate (ER) was then computed, using the 
20 minutes average VR acquired from the MAEMU system archives multiplied by each PMU concentration 
for the same period. The MAEMU ammonia sampling scheme was dynamic in that samples were only 
drawn from those points in which active ventilation was occurring (see Burns et al., 2007); each sampling 
period was approximately 120s, so there could be as many as 10 measurements of ammonia in one point.  
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VR was obtained from measured static pressure difference at each sampling point, using a previously 
derived fan curve for each fan. MAEMU system ER was computed each time a sample was drawn; and 
linear interpolation for NH3 concentration was used between samples to align with ventilation rate 
measurements. These were combined in order to compare with the PMU system.  
Past comparison of the PMU and MAEMU systems (Amaral et al., 2007) differed significantly from this 
analysis, in that a simplified procedure was employed regarding ventilation rate. Here, a more reasonable 
linear interpolation between consecutive concentration readings was used to obtain values to multiply with 
VR to obtain ER, and added to obtain 20 minutes, or 60 minutes average ER.  
An analysis of the results was performed using SigmaPlot (v10.0, 2007) to investigate the distribution of 
differences in concentration and ER, using the MAEMU values as reference. Estimates of intercept and 
slope for each response variable were obtained. These analyses were repeated for 60 minutes average and 
for longer periods (daily and full visit). 
Results 
Concentration Measurements. 
Statistics for 20-minute-average concentrations for each method over the study are provided in Table 2. 
A graph of 20 minutes mean concentration (PMU AVE4 versus MAEMU) is provided in Figure 1, along 
with regression results for 20 minutes averages in Table 3. The slopes for AVE2 and AVE4 are less than 
unity (0.88 and 0.93, respectively), the slope for MAX is greater than unity (1.13), and all three methods 
exhibit a positive offset of about 2 ppmv. This offset is approximately the uncertainty in the EC sensors 
(about 3 ppmv). To predict concentration from PMU readings, an inversion of the regression is performed, 
as show in Table 3. 
Statistics for 60 minutes ER for each method over the study are provided in Table 4. A graph of 60 
minutes ER (PMU AVE4 versus MAEMU) is provided in Figure 2, along with regression results for 60 
minutes averages in Table 5. These results are very similar to the 20 minutes average values in Table 3. The 
slopes for AVE2 and AVE4 are less than unity (0.88 and 0.94, respectively), the slope for MAX is greater 
than unity (1.07), and all three methods exhibit a positive offset of about 2 ppm. To predict concentration 
from PMU, an inversion of the regression was performed (Table 5). 
Table 2: Statistics on PMU concentration (20 min) compared to reference (MAEMU) method 
NH3 Concentration (20 min average) 
  AVE 2 AVE 4 MAX MAEMU  
  (ppm) (ppm) (ppm) (ppm) 
Mean 13.4 13.6 15.8 12.6 
Median 11.5 11.5 13.0 10.4 
Std Dev 7.0 7.4 8.9 7.6 
Min 0.0 0.0 0.0 1.6 




Figure 1: Comparison of 20 minutes PMU average concentration (using AVE4) to the MAEMU method 
 
Table 3: Regression results for the three different PMU concentration techniques (20 min), using the 
MAEMU method as the reference Values in parentheses are standard errors. 
 
20-Minute Average 
NH3 Concentration Linear Regression Prediction Equation 
AVE 2 y(±2.2)=0.88(±0.0051)x+2.3(±0.075) CNH3(±2.5) = 1.1CPMU-2.7 
AVE 4 y(±2.0)=0.93(±0.0045)x+1.9(0.067) CNH3(±2.1) = 1.07CPMU-2.03 
MAX y(±4.2)=1.1(±0.0096)x+1.6(±0.14) CNH3(±3.7) = 0.89CPMU-1.4 
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Table 4: Statistics on PMU concentration (60 min) compared to reference (MAEMU) method 
  NH3 Concentration (60 min) 
  AVE 2 AVE 4 MAX MAEMU 
  (ppm) (ppm) (ppm) (ppm) 
Mean 13.38 13.67 15.80 12.61 
Median 11.50 11.48 13.00 10.59 
Std Dev 6.93 7.31 8.82 7.59 
Min 0.00 0.00 0.00 1.59 
Max 39.67 43.37 51.00 43.70 
 
 
Figure 2: Comparison of 60-minute PMU average concentration (using AVE4) to the MAEMU method 
Table 5: Regression results for the three different PMU concentration techniques (60 min), using the 
MAEMU method as the reference. Values in parentheses are standard errors. 
60-minute average 
NH3 Concentration Linear Regression Prediction Equation 
AVE 2 y(±1.8)=0.88(±0.0074)x+2.3(±0.11) CNH3(±2.1) = 1.1CPMU-2.6 
AVE 4 y(±1.7)=0.94(±0.0067)x+1.8(±0.10) CNH3(±1.8) = 1.07CPMU-2.0 




In principle, the emission rate (ER) estimates should follow a similar bias as the concentration 
measurements from the previous section, since the sampling intervals between PMU and MAEMU methods 
were carefully aligned prior to computation, in contrast to our earlier analysis (Amaral et al., 2007). 
Statistics for 20 minutes ER for each method over the study are provided in Table 6. A graph of 20 
minutes ER (PMU AVE4 versus MAEMU) is provided in Figure 3, along with regression results for 20 
minutes averages in Table 7. The slopes for each method exceed unity, with AVE2 and AVE4 both 1.16, 
and 1.25 for MAX. The offset for each of the three methods is negligible. To predict ER using PMU 
measurements, an inversion of the regression is performed, as shown in Table 7. 
Table 6: Statistics on PMU ER (20 min) compared to reference (MAEMU) method. 










Mean 0.40 0.40 0.44 0.35 
Median 0.15 0.15 0.17 0.14 
Std Dev 0.49 0.49 0.53 0.42 
Min 0.00 0.00 0.00 0.00 
Max 2.03 2.02 2.39 1.73 
 
 
Figure 3: Comparison of 20-minute PMU average concentration (using AVE4) to the MAEMU method. 
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Table 7: Regression results for ER (g NH3/h) using the three different PMU concentration techniques (20 
min), using the MAEMU method as the reference. Values in parentheses are standard errors. 
20-minute Average 
Emission Rate Linear Regression Prediction Equation 
AVE 2 y(±0.071)=1.2(±0.0030)x-0.0058(±0.0016) ERNH3(±0.061) = 0.86ERPMU+0.0050 
AVE 4 y(±0.065)=1.2(±0.0027)x-0.0034(±0.0024) ERNH3(±0.056) = 0.86ERPMU+0.0029 
MAX y(±0.105)=1.25(0.0044)x+0.0068(±0.0024) ERNH3(±0.084) = 0.80ERPMU-0.0054 
 
Statistics for 60 minutes ER for each method over the study are provided in Table 8. A graph of 60 
minutes ER (PMU AVE4 versus MAEMU) is provided in Figure 4, along with regression results for 60 
minutes averages in Table 9. The slopes for each method exceed unity, with AVE2 and AVE4 being 1.17 
and 1.16, respectively, and 1.25 for MAX. The offset for each of the three methods is negligible. To predict 
ER using PMU measurements, an inversion of the regression is performed, as shown in Table 9. 
Table 8: Statistics on PMU ER (60 min) compared to reference (MAEMU) method 











Mean 0.40 0.40 0.44 0.35 
Median 0.15 0.15 0.17 0.14 
Std Dev 0.49 0.49 0.52 0.42 
Min 0.00 0.00 0.00 0.00 
Max 1.96 1.95 2.16 1.67 
 
Figure 4: Comparison of 60-minute PMU average concentration (using AVE4) to the MAEMU method. 
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Table 9: Regression results for ER (g NH3/h) using the three different PMU concentration techniques (60 
min), using the MAEMU method as the reference. Values in parentheses are standard errors. 
60-minute Average 
Emission Rate Linear Regression Prediction Equation 
AVE 2 y(±0.056)=1.2(±0.0041)x-0.0068(±0.0022) ERNH3(± 0.048) = 0.86ERPMU+0.0058 
AVE 4 y(±0.053)=1.2(±0.0039)x-0.0044(±0.0021) ERNH3(±0.046) = 0.86ERPMU+0.0038 
MAX y(±0.063)=1.3(±0.0046)x+0.0059(±0.0025) ERNH3(±0.050) = 0.80ERPMU-0.0047 
 
Differences between the Values. 
The difference between concentration values of PMU and MAEMU were calculated in order to compare 
the methodologies. These average differences were calculated based on ammonia concentration 20 minutes 
average values, and are provided in Table 10. They are nearly identical. 
Table 10: Difference of results using the MAEMU values and three different PMU concentration techniques 
(MAEMU –PMU) 
20 min Average 
  NH3 Concentration NH3 Emission Rate 
  AVE 2 AVE 4 MAX AVE 2 AVE 4 MAX 
Average -0.77 -1.06 -3.19 -0.051 -0.052 -0.094 
Std Dev. 2.38 2.030 2.601 0.098 0.093 0.131 
The average and standard deviation of results using 60-minute averages are slightly bigger than using 20-
minute averages.  
Table 11: The standard error of the regression (Sey/x) and the predicted equation (Sex/y) 
 20 Min 60 Min  
  AVE 2 AVE 4 MAX AVE 2 AVE 4 MAX   
Sey/x 2.2288 1.9838 4.2112 1.8422 1.6581 2.0674 
Sex/y 2.5452 2.1253 3.7433 2.0915 1.7669 1.8297 
NH3 Concentration 
Sey/x 0.0712 0.0653 0.1052 0.0557 0.0534 0.0627 
Sex/y 0.061 0.056 0.0843 0.048 0.046 0.050 
NH3 Emission Rate 
 
Discussion 
Many factors are involved in the difference between two instrument’s readings, including their accuracy, 
the sampling conditions, and the methodologies to calculate averages. Sometimes the difference between 
two measurement systems is not due to their accuracy, but it is due to methodologies of calculations from 
their measured values. 
The methodology named PMU MAX, which uses the maximum NH3 concentration value recorded over 
each 6-minute sampling cycle to represent the concentration for the 20 minutes of a complete cycle, 
overestimates MAEMU concentration values. Besides that, the difference between PMU MAX and 
MAEMU (average = 3.1 ppm), exceeds the accuracy of sensor of 3 ppm. It probably occurs because the 
sensor has a peak in the reading before it stabilizes in a average value. 
The PMU AVE2 methodology, which uses the last 2 minutes of the 6-minute sampling cycle (except the 
last value), shows values very close to MAEMU and PMU AVE4, slightly underestimating MAEMU 
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values. However, the standard error is greater than it is for the AVE 4 method, and the average difference 
between PMU AVE2 and MAEMU (-0.8 ppm) is greater than the average difference between PMU AVE 4 
and MAEMU (-1.06 ppm). Both differences are less than the accuracy of the sensor (3 ppm), suggesting that 
this method could be used. It was expected that smaller values in the AVE2 method compared to the AVE4 
method would be noted, because in most cases AVE2 does not include the peak concentration reading, 
which occurs in the first few minutes.  
The PMU AVE4 methodology, which used concentration values from the middle 4 minutes of the 6-
minute sampling cycle, shows results very close to MAEMU values and the values are more stable. Besides 
that, this methodology excludes the first and the last minute of sampling, which often experienced 
interference of air from purging cycle during the cycle changing. Moreover, PMU AVE4 uses 4 continuous 
minutes (8 measurements) to represent the interval of 20 minutes, whereas PMU MAX and PMU AVE2 
uses, respectively, 1 value and 4 value (2 minutes), and it probably is therefore more representative. 
These results suggest that use of the simplified PMU system, with the AVE4 method for computing 20 
minutes concentration means, coupled with higher frequency recording of building static pressure and 
subsequent building ventilation rate determination, can be a suitable and low-cost method for emissions 
measurements. The PMU method under-predicted actual concentration and over-predicted emission rate 
slightly in this test. There was little difference between single 20 minutes comparison and the 60 minutes 
mean comparison in this study. 
Conclusion 
A side-by-side comparison of ER using PMUs versus the state-of-the-art MAEMU system was 
performed. The experimental design was constructed to control variability in ER of ammonia between units, 
between houses and between locations within houses. Results of 24 independent 48-h measurements, 
utilizing four different PMU systems and two different MAEMU systems, demonstrated an over-estimate of 
actual ER by 14%, using the AVE4 method. 
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